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 In this paper, a comparative study of the electromagnetic performance and benefits of 

die-cast aluminum-rotor to the die-cast copper-rotor with the same size motor for 

automotive application is presented. The improvement of motor torque density, low 
losses and higher efficiency in squirrel cage copper induction motor (SCRIM) over 

squirrel cage copper induction motor (SCRIM) are examined using Time Domain finite 

element analysis (TDFEA). Simulation studies have been carried out using Finite 
Element Analysis (FEA) simulation software and the results are compared. 
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INTRODUCTION 

  

 In recent years the Electric Vehicle (EV) and Electric propellers (EP) are very popular because of the 

reduction in fossil fuels and environmental care (C. Chen and K. T. Chau, 2001) The permanent magnet motor 

is the leading choice for automotive traction applications and the usage of the permanent magnet motor has 

some significant challenges such as High costs, Volatile costs, uncertain long term availability of rare earth 

permanent magnets and designing aspects (J.L. Kirtley Jr.et al 2009).(Paul Carosa et al 2014). EV motor 

manufacturers are concerned about firm supply magnets and their cost and are looking at reliable alternative 

technology to overcome the above complexities (E. Chiricozzi, F. Parasiliti, M. Villani2205). The above 

challenges can be overcome with die-cast induction motor and the automakers consider the induction motor, as a 

potential alternative to the permanent magnet motor. Die-cast induction motor is characteristically preferred for 

automotive traction applications because of their good torque density, high efficiency, reliable and simple 

operation, and low cost than other automotive traction motor application (Francesco Parasiliti, Marco Villani 

2013),. The automotive traction motor with comparable torque and efficiency, along with a rugged durable 

design makes them well suited for automotive traction applications.  

 

 
 

Fig. 1: Motor efficiency chat as per standard. 

http://upload.wikimedia.org/wikipedia/commons/9/96/Efficiencychart1_motorefficiency.png
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 The Squirrel cage Aluminum Rotor Induction Motor SARIM nearly accomplishes the above challenges in 

automotive application and provides additional advantages like less manufacturing and material costs. Now a 

day’s, motors for automotive application needs the thrust of higher efficiency, better torque density and energy 

saving capability. 

 The uses of copper are more efficient and economical than those employing aluminium have been well 

documented by the International Copper Association (ICA) and Copper Development Association (CDA)  

 The advantages of copper than aluminum are 

 Copper has high electrical conductivity which in turn increases the electrical efficiency of the motor. 

 Copper has a high melting point and hence it can withstand thermal cycling over the life of the  

motor. 

 Copper has high tensile strength and low coefficient of expansion. 

 This paper investigates the comparative study of performance parameters for both squirrel cage copper 

induction motors (SCRIM) and squirrel cage aluminium induction motor (SARIM), such as total losses, the 

density of the flux, torque and improvement of tooth-flux distribution. Finally, the energy savings, cost based on 

motor efficiency with SCRIM are calculated using TDFEA  

 

 
 

Fig. 2: Squirrel Cage induction motor. 

 

Electromagnetic computation: 

 The TDFEM of induction motor described in this paper, the theory of electromagnetic electrical machines 

modelling is described by the time-space Maxwell’s equations. 
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 Both the magnetic and electric fields are related to the material property of electrical machines expressed by 

the following relations  

H vB               (3) 

j E
                           (4)  

 Here v  is the reluctivity and σ is the conductivity of the material. The electric scalar potential φ is obtained 

from Equ.1 and 3 
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 The time dependent field equation with a nonlinear is needed, the field equation must be solved by a step- 

by step method evaluating in short time variation is ∆t. in the crank- Nicholson method the vector potential at a 

time step k+1 is approximated 
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 The potential difference between the ends of the conductor vector is obtained from Equ. 5 potential is  
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 When Equ.5 substituted in Equ 6 and the corresponding time step k are transferred to the right hand, the 

equation becomes 

   1 1 1 1

2 2
{

1 1
k k k K z K k k k zv A A U e v A A U e

t t

   
            

 
       (8) 

 The all right side terms, the previous time step k of the vector potential and the source potential differences. 

The partial difference equation for the vector potential at time t =tk+1. i.e. the vector potential is evaluated step 

by step from the initial value and this procedure is very important to compute time because induction motor 

every period of line frequency must be divided into time intervals in order to get accurate results. 

 The initial and boundary value must be known in the field problem. In field analysis the outer surface of the 

machine is assumed to be zero, i.e. there is no flux at the outer surface  

 

Numerical technique: 

 Today, the FEM is used to solve all kinds of engineering problems. FEM is one of the most power full 

methods and commonly used for field computation problems both electrostatic and electromagnetic. Variational 

and the Galerkin approach are commonly used methods for deriving the finite element equations are the being a 

special case of the method of weighted residuals. In two and three dimensional analysis, the field of interest is to 

divide a large and complex area problem into small and simple area problems than function calls it as 

discretised. The small problem area is defined as an element(J. Jin. 2002). The element shape may be triangular 

or rectangular for two dimensional and any shape simple volume elements are used for three dimensional 

problems with a number of simple triangular or rectangular elements, the finite elements with homogenous 

properties. The potential function is approximated in those finite elements by simple shape functions, mainly 

linear or quadratic. This results in a large linear system of equations. Saturation effects can be easily considered. 

Finite element method offers the compute accurate results with low computational costs than analytical method. 

Inherently non-linearity due to the characteristic of the ferromagnetic parts in the magnetic circuit is 

implemented. Non-linear ties caused by the relative displacement between moving parts are implemented as 

well. Finite element results are computed by simulations (J. P. A. Bastos, N. Sadowski..2003) 

 The method of weighted residual MWR multiplies weight functions, vector Wez and integrated over the 

volume v, in the two dimensional field problems A is parallel to the axis-Z, the basic equation becomes  
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 In Gauss’s theorem the higher order derivatives are neglected  
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 Right side surface integral S that means the Z-axis is neglected. Here volume V can be changed into surface 

integral, over the cross section of the induction motor by integrating over the Z axis Equation is 

2
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 Here Ω is two dimensional solution regions and Γ is the boundary of Ω 

 The vector potential can be expressed as the sum of the shape function or the surface mesh element or finite 

element times the nodal potential 
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 Where m is the number of nodes in the finite element mesh, Ni is a shape function. 

 The above functions have following important properties 

 Ni =1 at node i and is 0 at all other nodes and the sum of the shape functions at any point in the triangle is  

1 

 Nodal potential in the element is written in terms of matrices 
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Finally the assumption of sinusoidal time variation is made, the element of the complex residual vector Fi 

obtained from the basic discretization equation  
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 If the source of the field is a current, the component of the complex residual vector corresponding to the 

integrodifferental equation is 

1 1

( ) { ( ) [ ] }
1 1

nNNa

i i m i m m i m m i

M m

j R R
F a v N N j N N a N a N d N I d

 
 

  

            (15) 

 They all are of any shape of elemental may be a triangle, rectangle and any 2D shape matrices will lead to 

the global system matrix. Then we apply all the necessary boundary conditions like excitation, magnetic 

potential and solve the resulting equations to get the global model results. 

  ` 

 
 

Fig. 3: Squirrel Cage induction motor Mesh model. 

 

 Total element of the model is called a global geometric. Figure 4 shows induction motor triangular element 

mesh model.In this paper, the losses, efficiency and torque of for both material combinations of rotor are 

calculated using both analytical and finite element analysis  

 

Efficiency computation: 

 3 phase ,50 Hz,4 pole 32 slot, totally enclosed, squirrel cage induction motors, rated at 5 hp, were used to 

investigate the annual energy saving. Energy saving usually calculated depending up the efficiency of the motor. 

The proposed motor is designed to improve efficiency levels EFF1 from EFF2 as per international standard such 

as CEMP – European Committee of Manufacturers of Electrical Machines & Power Electronics and other 

standard CSA – Canadian Standard Association / IEEMA- Indian Electrical and Electrical Machines 

Association / BIS – Bureau of Indian Standards. 

 Induction motor losses can be classified into four categories: 

 

(i).Core losses: 

 Core losses are due to the main flux and leakage fluxes of the motor if the input voltage is to be 

constant, the core loss can also be constant. The hysteresis and eddy current loss in the conductors increase 

the resistance, which can be reduced laminated sheet and high permeability material in the paper I chose M19-

24G steel core for both stator and rotor. Mostly it should be 15 % – 25 % of motor rating 

Iron-Core Loss (W): Pcore = 93.4121W 

 

(ii) Copper losses:  

 Another name of copper losses called as power losses which induce due to current losses in the active 

material like stator and rotor winding or rotor bar and end ring in squirrel cage induction motor, if can be 

minimized by high conductivity copper material and die casting copper rotor. in stator 25 % – 40 % and rotor 

15 % – 25 % of motor rating 

Stator copper losses: Pscu =
23 r ri R

 W`          (16) 
2

si = 9.8 A 
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0.0177* m ph
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= 0.7890           (16) 

Pscu = 256.402 W 

Rotor copper losses: Prcu =

23 r ri R
W            (17) 

2

ri = 6.6A 
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a
 

 = 0.789099 Ω           (18) 

Prcu = 100.225 W 

Pcu= Pscu+ Prcu=356.627W 

 

(iii) Windage and friction losses:  

 Windage and friction losses due to mechanical parts and friction in bearings, it should be 5 % – 15 % of 

motor rating 

 Wind age and friction losses: Pf+Pw =  20. 5867W 

 

(iV) Stray load losses: 

 This is increasing with load and multitude of sources, such as surface and slot conditions, leakage flux, and 

another name is additional load losses, it should be 10 % – 20 % of motor rating 

Stray load losses: Pstay = 50 W(16) 

 
Table 2: Total Losses of Copper Vs Aluminium motor. 

Losses of motor Standard 

(Watts) 

Copper 

(Watts) 

Aluminium 

(Watts) 

∆ Cu Vs Al 

(Watts) 

Copper Loss of Stator Winding(W) 260.675 256.402 264.222 -7.82 

Copper Loss of Rotor Winding (W) 129.932 100.225 212.575 122.35 

Iron-Core Loss (W) 93.3603 93.4121 93.2175 0.1937 

Frictional and Windage Loss (W) 20.4319 20.5867 20.0131 0.5736 

Stray Loss (W) 50 50 50 0 

Total Loss (W) 554.398 520.626 640.028 119.402 

Input Power (kW) 4.35461 4.32051 4.44025  

Output Power (kW) 3.80021 3.79989 3.80022 3.79975 

 

 Efficiency (E) is a ratio of the motor shaft power output divided by the electrical power input and is 

calculated as follows: 

 

(v) Total loss calculation 

PTL= Pcore+ Pcu +Pf+Pw+ Pstay 

PTL =520.626W 

 

(vi) Output power calculation: 

 Pout=Pin-PTL = 4.32051 -520.626= 3.7999KW 

 

 (vii) Efficiency calculation: 

(1 )TL

in

P

P
  

X100 = 87.795%  

 

Scrim analysis and comparions: 

 Usually the induction motor analysis can be done by two methods such as analytical method and TDFEA.  

In Figure 4 shows, the measured Efficiency - Speed, Torque – Speed, Efficiency - Output characteristics for 

both SCRIM and SARIM motors. From the characteristic curve, we can observe that material contribution 

influences a consistent range of the rated current. Clearly, the rotor resistance value strongly influences the 

above characteristics in the same. The authors’ opinion that motor characteristics not only depending upon the 

designing and other parameters, it also depends on the rotor material used. Fig 4 shows that SCRIM gives better 

performance than SARIM because of low resistivity and good conductivity of the copper material.  
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Fig. 4: All Configuration efficiency Vs speed. 

 

Fea result: 

 The 2D Electromagnetic Finite Element problem is solved by ANSOFT 2DMAXWELL FEM software 

package, by which the magnetic flux line path of squirrel cage induction motor and the chart for magnetic flux 

density are obtained. The magnetic flux density is nearer to the saturation level. The fig. 6 shows the magnetic 

flux distribution and the fig. 7 shows the magnetic flux density of the induction. 

 The comprehensiveness of the both rotor, SCRIM copper rotor has better efficiency, better torque with 

reduced losses. The efficiency is maintained constant and changing rotor configurations results high torque and 

reduced size with low weight, which is another factor which impels us to choose the all rotor configurations for 

industrial and hybrid vehicle applications. 

 

 
 

Fig. 5: Magnetic flux distribution of SCRIM. 
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Fig. 6: Magnetic flux density of SCRIM. 
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Fig. 7: SCRIM Running toque. 

 

 0.00 25.00 50.00 75.00 100.00 125.00 150.00 175.00 200.00
Time [ms]

-100.00

-80.00

-60.00

-40.00

-20.00

-0.00

20.00

40.00

M
o

vi
n

g
1

.T
o

rq
u

e
 [N

e
w

to
n

M
e

te
r]

BAEAMTorque ANSOFT

AII ALUMINIUM

Curve Info max

Moving1.Torque
Setup1 : Transient

29.1710

 
 

Fig. 8: SCRIM Running toque. 
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Fig. 9: Stator phase current. 

 

 The three-phase stator current in the stator winding for the copper rotor induction motor resulting from the 

FEA simulation is shown in Figure 9 
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TABLE 4: SCRIM and SARIM Efficiency . 

 

Parameter SCRIM SARIM 

Te(N-m) 25.254 25.539 


 

87.79 85.586 

P.F 0.670861 0.679388 

Speed(rpm) 1461.44 1420.93 

Plosses (W) 520.626 640.028 

 

 From table 4 we can observe that, SCRIM gives the better torque and efficiency. The result parameters like 

Torque, efficiency, Power factor, Speed and power losses are analysed for both SCRIM and SARIM using 

TDFEA. 

 

Conclusion: 

 A design for 5hp squirrel copper rotor cage induction motor using Time Demine Finite Element Method 

TDFEA is proposed in this paper. Based on investigation using TDFEM on the accurate flux density of all part 

and flux path of the induction motor, the proposed induction motor has the merits like higher efficiency, lower 

losses and good torque makes the SCRIM more suitable for automotive traction application. 

 

Appendix: 

Induction motor Parameter: 

Rated Power  : 5hp 

Rated voltage   : 415V 

Rated speed  : 1500rpm 

Rated frequency  : 50hz 

Stator inner diameter : 105mm 

Length of Stator Core : 125mm 

Number of Stator Slots : 36 

Air Gap    : 0.5 mm 

Inner Diameter of Rotor : 38 

Number of Rotor Slots : 26 

Type of Steel  : M19_24G 
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